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We have determined whether Theiler’s murine encephalomyelitis virus (TMEV), a picornavirus that produces demyelination
in genetically susceptible strains of mice, induces c-fos in pure quiescent cultures of mouse brain astrocytes. As observed
in Northern blots, the expression of this immediate early gene increases in a dose-dependent manner, with its expression
peaking at a multiplicity of infection of 100. The expression of c-fos is transient, peaking after 30 min and disappearing 2 h
after infection. The virus is quickly internalized at 37°C upon binding to its specific receptor located at the cell surface and
is actively replicated in the cytoplasm of the astrocytes, as demonstrated by FACS flow cytometry. Using the same technique,
nuclear translation of c-fos mRNA is also shown. The specificity of viral induction is demonstrated by its neutralization with
TMEV-specific antibodies and by the fact that only viral particles and not purified protein components VP1, VP2, and VP3
induced proto-oncogene expression. This rapid induction of c-fos in astrocytes could be the first stage in the infection of
these central nervous system cell populations by TMEV. The biological relevance of these findings is assessed by the
demonstration of c-fos activation after viral infection in vivo. © 1999 Academic Press
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Theiler’s murine encephalomyelitis virus (TMEV) is a
icornavirus that persistently infects the murine central
ervous system (CNS) (Theiler, 1937). After intracerebral
noculation, susceptible strains of mice develop a
hronic demyelinating disease that is reminiscent of hu-
an multiple sclerosis (Dal Canto and Lipton, 1976; Leh-
ich et al., 1976; Lipton, 1975). Myelin breakdown is me-
iated by the immune system rather than being a direct
onsequence of viral infection of oligodendrocytes, the
yelin-forming cell (Clatch et al., 1986; Lipton and Dal
anto, 1976; Pen˜a Rossi et al., 1991,1997; Roos et al.,
982).
Infection of neural tissue by TMEV is still controversial.
mmunohistochemical results obtained with intracere-
rally inoculated mice indicate that neurons are the tar-
et cells of the virus during the acute phase of the
isease, while in the chronic phase, astrocytes and mac-
ophages are also affected. However, as previously
tated, oligodendrocytes have not been found to contain
nfectious TMEV particles (Dal Canto and Lipton, 1982;
odriguez et al., 1983).
The proto-oncogene c-fos codes for a growth-associ-
ted protein that forms, in conjunction with the product of
-jun, the regulatory transcription factor AP-1 (Chiu et al.,
988; Sassone-Corsi, 1988). A basal expression of c-fos
1 To whom correspondence and reprint requests should be ad-
ressed at Instituto Cajal, C.S.I.C., Dr. Arce Avenue 37, 28002 Madrid,mpain. E-mail: nazario@cajal.csic.es.
21as been observed in rat hippocampus (Hughes et al.,
992) and cerebral cortex (Gonzalez-Martin et al., 1992)
nd its continuous expression precedes apoptosis in the
NS (Smeyne et al., 1993), suggesting a cardinal role for
his proto-oncogene in cell growth, differentiation, and
evelopment in the CNS. In addition, c-fos was also
nduced in the CNS following inflammation (Noguchi et
l., 1992) and electrical stimulation (Fu and Beckstead,
992).
Picornavirus infection could transiently induce early
esponse proto-oncogenes. Those genes could provoke
ither cellular stimulation or inhibition of transcription, as
ecently reported for poliovirus (Yalamanchili et al., 1997).
n this article, we have studied the effect of TMEV infec-
ion on the expression of the c-fos proto-oncogene in
ure cultures of astrocytes and in the brains of mice
njected intracerebrally. The rationale for this work is to
etermine whether an immediate-early proto-oncogene
ctivation is induced by a demyelinating virus. Such
ctivation could be of biological relevance in the earliest
hases of immune-mediated pathogenesis in the CNS,
ecause it has been demonstrated by our group that
MEV induces TNF-a and IL-6 in cultured astrocytes
Sierra and Rubio, 1993; Rubio and Sierra, 1993).
RESULTS
nduction of c-fos mRNA in astrocytes by TMEV
To examine the effect of TMEV infection, astrocytes
ept in culture for 10–12 days were infected at different
ultiplicities of infection (m.o.i.s) and times and its total
0042-6822/99 $30.00
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22 RUBIO AND MARTIN-CLEMENTENA was analyzed by Northern blot. c-fos mRNA was not
etected in confluent astrocyte cultures rendered quies-
ent by FCS starvation (Rubio, 1997). However, when
nfected with TMEV, c-fos mRNA levels increased in a
ose-responsive manner, peaking at a m.o.i. of 100 and
ranscripts above background were detected down to a
.o.i. of 1 (Fig. 1). The system seems to be saturated at
m.o.i. of 100 as a further 10-fold increase did not
ugment the levels of transcript detected. The relative
mount of mRNA was quantified with a Model 300 A
omputing densitometer (Molecular Dynamics, Inc., Sev-
noaks, Kent, UK), showing that the band obtained after
nfection at a m.o.i. of 100 is 17 times more dense than
he background (Fig. 1, bar chart). Hybridization to a
uman housekeeping b-actin probe (Clontech) served as
n internal control for loading.
ime-course induction of c-fos
The time required for astrocytes to induce c-fos was
xamined by infecting cells at a m.o.i. of 10 for periods of
ime ranging from 30 to 120 min. The 2.3-kb c-fos mRNA
ranscript was transiently and rapidly induced, showing
aximal induction 30 min after TMEV infection. Expres-
ion decreased after 1 h, with virtually no c-fos mRNA
eing observed 2 h after infection (Fig. 2). The bands
btained 30 and 60 min after infection were seven and
wo times more dense than the background, respectively.
Fig. 2, bar chart).
uclear expression of the c-fos protein product
We also used flow cytometry to demonstrate that the
-fos mRNA is translated and that the gene product
ould be detected in the nucleus of the cells. Using an
nti-histone monoclonal antibody that stained the nuclei
f cells of diverse origin as positive control, we con-
luded that our fixation and permeabilization conditions
aintain the antigenic integrity of the nuclei (Rubio et al.,
FIG. 1. c-fos mRNA levels in mock-infected (0) or astrocytes infected
ith cesium sulfate-purified TMEV particles at a m.o.i. of 1, 10, and 100,
or 30 min. Following scanning and densitometric analysis, the relative
mount of c-fos mRNA is expressed in the bar chart as the ratio
etween the intensity of the bands and the background in uninfected
ells. The size of the transcript is indicated on the left. Hybridization to
-actin was used to verify equal RNA loading.996). TMEV-infected astrocytic cells showed a clear cmmunoreactivity when stained with anti-fos antibodies
Fig. 3). Around 68% of the cells expressed c-fos after
iral infection compared with 5% in the mock-infected
ultures. Moreover, fluorescence intensity increases sig-
ificantly from 79.9 to 110.4 due to TMEV infection.
inetics of binding and internalization
Thirty minutes seems a very short period of time to
ccomplish virus binding to its receptor, signal transduc-
ion, and de novo mRNA synthesis. Therefore, the attach-
ent of TMEV to its specific receptors was measured in
rder to determine the minimum time needed for TMEV
o bind to the astrocytic cells (Fig. 4). Maximum binding
as achieved rapidly, taking place within 5 min at 37°C
FIG. 2. Time-course of c-fos mRNA induction in astrocytes by TMEV
t a m.o.i. of 10. Cells were infected for periods of 30, 60, and 120 min.
otal RNA was isolated and analyzed by Northern blot. The bar chart
epresents the ratio between the c-fos RNA bands and background in
ninfected cells, as in Fig. 1. Hybridization to b-actin was used to verify
qual loading.
FIG. 3. Fluorescence analysis of c-fos protein induction by cytoflu-
rometry. The figure shows a representative result of three separate
taining experiments. Astrocytes were grown in 6-cm-diameter plastic
etri dishes and treated with medium alone (Uninfected) or with me-
ium containing TMEV at a m.o.i. of 10, for 30 min (TMEV-infected). After
taining as stated under Materials and Methods, cells were detached
nd the amount of fluorescence was determined by flow cytometry.
umbers on the right-hand side indicate the percentage of positive
ells. Numbers on each peak indicate the mean fluorescence. The
ursor is set to the right of the mean background expression values.
a
o
t
v
v
a
i
(
n
t
s
i
t
s
2
t
n
t
C
c
o
s
s
n
a
s
T
p
e
f
w
l
T
p
s
o
t
n
b
a
s
o
r
s
T
d
v
p
w
b
s
c
v
g
t
s
f
a
m
I
C
s
23THEILER’S MURINE ENCEPHALOMYELITIS VIRUSnd within 30 min at 4°C. We assume that the detection
f less antibody binding with increasing time is due to
he temperature-dependent cellular internalization of the
irus (as further demonstrated in Fig. 5). The release of
iral particles from the cell surface is ruled out due to the
bsence of productive plaque-forming capacity detected
n the supernatants when tested at 10, 30, and 60 min
not shown).
At 37°C, the time required to achieve 50% virus inter-
alization was estimated to be 30 min, the time at which
he amount of internalized virus was equivalent to that
till remaining receptor-bound. No further increase in the
nternalization was observed by augmenting the incuba-
ion periods. Interestingly, this 30-min time lag is the
ame as required for the maximal induction of c-fos (Fig.
). When the infection was performed at 4°C, binding of
FIG. 4. Binding of TMEV to astrocyte cell cultures. The availability of
iral particles to antibodies was measured at 4 or 37°C for different
eriods of time. The radioactivity bound to the cells at particular times
as estimated after solubilization with 2% SDS.
FIG. 5. Astrocytic cytoplasmic staining with rabbit anti-TMEV anti-
odies 24 h after infection with TMEV at a m.o.i. of 10. After staining as
tated under Materials and Methods, cells were detached and fluores-
ence was determined by flow cytometry. Numbers indicate the same
alues as in Fig. 3. The cursor is set at the right of the mean back-
round expression values. The figure shows a representative result ofohree separate experiments.he virus to its receptor occurred, but internalization was
ot observed. As expected, c-fos induction was not de-
ected at this temperature (not shown).
ytoplasmic replication of TMEV in astrocytes
To further demonstrate a productive infection of astro-
ytes by TMEV, fixed cells infected 24 h earlier at a m.o.i.
f 10 were stained with anti-TMEV antiserum. This anti-
erum contains antibodies against VP1 and VP2 virion
tructural proteins, as demonstrated by Western immu-
oblotting, in accordance with previously reported rabbit
nti-TMEV specificities (Clatch et al., 1987). FACS analy-
is demonstrated a clear cytoplasmic replication of
MEV 24 h postinfection in 71% of the astrocytes, com-
ared with 2% of the mock-infected cultures (Fig. 5). The
ffect described was saturable, as no further increase in
luorescence intensity nor in the number of labeled cells
as observed when infected at a higher m.o.i. or for
onger periods of time.
MEV is the inducer of oncogene expression
We next ruled out the possibility that growth factors
resent in the culture medium along with the TMEV
amples were responsible for the induction of proto-
ncogene expression. In order to do so, we determined
he capacity of a specific anti-purified TMEV antiserum to
eutralize the above induction. As shown in Fig. 6, incu-
ation with specific antibodies to TMEV completely
bated the induction of c-fos mRNA expression, demon-
trating that the virus is indeed responsible for the proto-
ncogene expression. In contrast, preimmune normal
abbit serum incubated with the viral particles at the
ame dilutions did not change the inducing capacity of
MEV. The above results demonstrate that the induction
escribed is dependent upon binding and internalization
FIG. 6. Inhibition of the TMEV-induced expression of c-fos mRNA by
pecific anti-TMEV antibodies. Viral particle samples were incubated
or 1 h at 37°C with different dilutions (1021 to 1024) of a specific rabbit
nti-TMEV antiserum and then added to the astrocyte cultures. After 30
in of incubation, mRNA was extracted and analyzed by Northern blot.
nduction obtained without antibody was considered as 0% inhibition.
omplete lack of inhibition by normal rabbit preimmune serum at the
ame dilutions is also shown.f Theiler’s virus by astrocytes.
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24 RUBIO AND MARTIN-CLEMENTEirion integrity is needed for c-fos induction
Capsid proteins from isolated TMEV were purified by
everse-phase high-pressure liquid chromatography
HPLC) on C-8 columns. The amount of purified protein
dded per flask corresponds approximately to fivefold
he amount of virus inoculum at a m.o.i. of 10. Figure 7
hows that only the intact virus induced c-fos and that
urified capsid proteins (VP1, VP2, and VP3) did not
nduce any significant proto-oncogene expression. The
mall inducing capacity of the VP2 capsid protein
around 10%) could be attributed to some residual intact
irus contamination of this particular preparation.
It has been postulated that the virus attachment site
esides in a structure composed of VP1 and VP3 (Tyler,
987). Hence, isolated purified proteins are not expected
o be recognized by cell receptors, as seems to be the
ase for Rauscher murine leukemia virus gp71 (Delarco
nd Todaro, 1976).
n vivo induction of c-fos
To assess the biological relevance of our results, we
tudied the activation of c-fos in vivo after TMEV infec-
ion. To do so, SJL mice were injected intracerebrally with
3 106 PFU of TMEV. The induction of c-fos was ana-
yzed by Northern blot in a 0.5-cm cube of brain tissue
urrounding the wound margin. As shown in Fig. 8, 1 day
ostcontrol injection (C-1) de novo synthesis of c-fos-
pecific mRNA was detected and this is due to the
urgical lesion. The level of c-fos mRNA decreased to
ackground levels 4 days postinjury (C-4). This agrees
ith previously published results demonstrating that in
he surgically injured mammalian brain there is a peak of
-fos immunoreactive glial cells 24 h posttrauma that
isappears after 48–72 h (Dragunow and Robertson,
988). We did not detect any c-fos expression in the
ontralateral hemisphere of injected animals or in the
FIG. 7. c-fos mRNA induction in astrocytes by purified TMEV particles
r high-pressure liquid chromatography-purified VP1, VP2, or VP3 pro-
eins. Monolayers of cells were treated at a m.o.i. of 10 or the equivalent
mount of pure proteins, and the amount of c-fos mRNA was deter-
ined 30 min later by Northern blot.hole brain of uninoculated age-matched mice. This is in iccordance with studies that found c-fos in embryonal
ut not in postnatal mouse nervous tissues (Mu¨ller et al.,
982).
The infection of cells around the wound region by
MEV at days 1 and 4 induces an approximately eight-
nd three-fold increase in the synthesis of c-fos com-
ared to controls (V-1 and V-4; Fig. 8). Previously pub-
ished results show that the BeAn 8386 TMEV strain
eaches a maximum of 105 PFU per gram of brain tissue
day after intracerebral injection and starts to decline
odestly at day 4 (Lipton et al., 1991). The decrease in
he amount of mRNA detected 4 days after injection
ould therefore be explained by the transient expression
f c-fos and the diffusion of the virus in the cerebral
issue.
In addition to Northern blots, we also used immuno-
ytochemistry to visualize FOS protein expression. One
ay after injection, we observed nuclear staining in cells
round the injection site, both in control and in TMEV-
njected brains (Fig. 9, C-1 and V-1). In accordance with
he Northern blot results, 4 days after injections few
tained cells could be observed in control animals (Fig.
, C-4, B, arrowhead), but there was abundant staining in
ice injected with the virus. The staining was evident
ven in areas 1.5 mm caudal to the injection site. This
orresponds to the septal region of the brain, an area
ich in astrocytes (Fig. 9, V-4). This fact demonstrates the
igration of the viral particles in the cerebral nervous
issue.
To know whether c-fos-positive cells were astrocytes,
ouble immunostaining for FOS and GFAP was per-
ormed in the same sections and analyzed by confocal
icroscopy. We found abundant GFAP-positive cells also
mmunoreactive for FOS (Fig. 10). Nevertheless, not all
strocytes were stained for FOS and, conversely, not all
OS-positive cells were stained for GFAP.
DISCUSSION
Viruses express their genes in a regulated ordered
ascade during infection. Some cellular genes, such as
roto-oncogenes, can also be activated during the pro-
FIG. 8. c-fos mRNA levels in the area surrounding the injection 1 day
fter control injected (C-1) and Theiler’s virus injected (V-1) or 4 days
fter control (C-4) or virus injected (V-4) SJL mice. Control injection mice
eceived 30 ml of DMEM and virus injected mice 3 3 106 PFU of TMEV
n the same volume of medium.
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25THEILER’S MURINE ENCEPHALOMYELITIS VIRUSuction of infectious virus. Overexpression of both c-fos
nd c-jun, but not of ras, has been reported to be induced
n the glioma cell line C-6 following Theiler’s virus infec-
ion (Rubio et al., 1996), as well as in astrocytes by its
otent activator interferon-g (Rubio, 1997). In addition,
OS and JUN protein products are directly involved in the
ifferential regulation of Visna virus gene expression
Shih et al., 1992) and high-level expression of c-jun was
emonstrated in human liver tissue infected with hepa-
itis B virus (Twu et al., 1993).
In this study, we have investigated the induction of the
arly response gene c-fos in primary cultured astrocytes
rom mouse cortex and in the brains of mice infected in
ivo with TMEV. We demonstrate that astrocytes can be
nduced to express c-fos mRNA by incubation with puri-
ied TMEV infectious particles. The expression of c-fos
RNA was dose-dependent, with the optimal m.o.i. be-
ng 100 (Fig. 1). The use of different m.o.i.s to infect
FIG. 9. FOS immunostaining in mice brains, 1 or 4 days after contro
f rectangles indicated in A, showing immunoreactive cells around the i
o the injection site. FOS immunoreactivity is localized in cellular nuclei
njection sites. Scale bars, 200 mm in A; 50 mm in B.ultures of mouse cortical astrocytes resulted in c-fos 4RNA accumulation that reached a maximum at 30 min
Fig. 2). The rapid kinetics of proto-oncogene stimulation
ndicates that the stimulatory effect was induced early
pon binding of TMEV to its cellular receptor and could
e due to the activation of transcription factors preexist-
ng in astrocytes maintained in tissue culture. Saturation
f the binding capacity of 1 3 106 astrocytes requires a
eriod of time of 5–10 min at 37°C (Fig. 4).
The FOS protein is actively translated from its mRNA,
s demonstrated by its detection in infected cells with
pecific antibodies (Fig. 3). Some 68% of the cells contain
he protein products, with a high percentage taking into
onsideration that we are dealing with primary brain
ultures.
Neurons and astrocytes have 15 3 103 and 2.5 3 103
eceptors for TMEV, respectively, per cell (Rubio et al.,
990). The binding of TMEV to astrocytes takes place, as
easured using antibodies and protein A, at both 37 and
C-4) or TMEV virus injection (V-1, V-4). B shows higher magnifications
site (arrows). Section B in V-4 is located in the septum, 1.5 mm caudal
atic drawings represent coronal sections showing the correspondingl (C-1,
njection
. Schem°C, but internalization is seen only at 37°C. This inter-
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26 RUBIO AND MARTIN-CLEMENTEalization is followed by a productive infection in the
ytoplasm of the astrocytes, as shown by cytofluorom-
try (Fig. 5). In addition, internalization of TMEV seems to
e necessary for c-fos mRNA induction as it does not
ccur at 4°C, when the cells do not internalize viral
articles (see Results).
Specific anti-TMEV antibodies, anti-VP1 and VP2 anti-
ody-containing serum (Clatch et al., 1987), suppress
-fos induction, probably by impeding the binding of the
irions to their receptor, demonstrating the specificity of
MEV induction (Fig. 6). Data presented in Fig. 7 also
emonstrate that the whole viral particle is needed to
nduce c-fos expression. High-pressure liquid chroma-
ography-purified virion proteins VP1, VP2, and VP3 do
ot induce proto-oncogene expression, as they do not
ind to the TMEV receptor (Rubio and Cuesta, 1988). This
esult was to be expected, since the attachment of the
icornavirus to its cellular receptor is, according to the
esults reported by several groups, due to a canyon
omposed of stretches of VP1 and portions of VP3 (Tyler,
987).
To demonstrate the pathological relevance of our re-
ults, we established that c-fos is up-regulated by TMEV
nfection in vivo. The intracerebral injection of the virus
nduced a significant increase of mRNA over the controls
njected only with DMEM medium, as demonstrated by
orthern blot (Fig. 8). TMEV also induces FOS protein
xpression after being injected into the brain. The virus
pread into the cerebral tissue, as 4 days after injection
ells stained for FOS appear at locations distant to the
njected site (Fig. 9, V-4, B). Most, but not all, cells stained
or FOS were astrocytes (Fig. 10). This was expected as
t has been demonstrated that, in addition to astrocytes,
eurons and macrophages were infected in vivo (Dal
anto and Lipton, 1982; Rodriguez et al., 1983).
In conclusion, an important aspect of the transcrip-
ional regulation in the CNS by TMEV is the demonstra-
ion of the up-regulation in the expression of the early
esponse gene c-fos. The production of the FOS protein
FIG. 10. Double-staining confocal images of an astrocyte stained for
oth markers colocalize in an astrocyte, whose nucleus (but not the nu
0 mm.roduct in infected glial astrocytic cells is a relevant Linding for the study of infection by TMEV that, as previ-
usly demonstrated, triggers the production of IL-6 and
NF-a in such a CNS population (Rubio and Sierra, 1993;
ierra and Rubio, 1993).
MATERIALS AND METHODS
strocyte cultures
SJL mice 4 to 6 weeks old were purchased from The
ackson Laboratory, Bar Harbor, Maine, and maintained
n standard laboratory food and water ad libitum in the
nstituto Cajal animal care center. Type 1 astrocyte cul-
ures were prepared by mechanical dissociation of the
erebral cortex from newborn SJL mice (Rubio et al.,
990). The cortex was isolated under a dissecting micro-
cope and cleaned of choroid plexus and meninges. Cell
uspensions were filtered through a 80-mm-pore-size
esh into Dulbecco’s modified Eagle’s medium (DMEM)
ontaining 10% fetal calf serum (FCS) and gentamycin
Flow Laboratories, Irvine, UK). After centrifugation, cells
ere filtered through a 20-mm-mesh sieve and cultured
t 37°C. The medium was changed after 4 days of
ulture and subsequently three times a week for the
ntire culture period. Cultures were enriched in astro-
ytes by the removal of less adherent oligodendrocytes
y shaking for 18 h at 37°C and 250 rpm in a G24
nvironmental shaker (New Brunswick Scientific, Edison,
J). Cellular confluence was observed 10 days after
lating, with a polygonal flat morphology. A mean of 98%
strocytes was confirmed by indirect immunofluores-
ence staining of methanol-fixed cultures using rabbit
nti-glial fibrillar acidic protein (GFAP) antiserum (Dako-
atts, Glostrup, Denmark). The lack of differentiated oli-
odendrocytes and microglial/macrophage cells was de-
ermined using a guinea pig anti-myelin basic protein
MBP) antiserum and monoclonal anti-Mac-1 antibody
Serotec, Oxford, UK). Secondary fluorescein-labeled an-
ibodies were purchased from Sigma Chemical Co. (St.
) and GFAP (B) at the septal region level, 4 days after virus injection.
is FOS positive and whose cytoplasm is GFAP positive (C). Scale bar,FOS (A
cleoli)ouis, MO).
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27THEILER’S MURINE ENCEPHALOMYELITIS VIRUSorthern blot analysis
Confluent monolayers of astrocytes were washed with
BS and replenished with DMEM containing 0.25% FCS
or 48 h in order to let the cells become quiescent by FCS
tarvation. Quiescent cells were infected with TMEV as
tated under Results. Total RNA was purified from cell
ultures or brain samples using the RNeasy mini purifi-
ation kit (Qiagen Inc., Santa Clarita, CA). Ten micro-
rams per lane was electrophoresed on a formalde-
yde–agarose gel and transferred to nylon membranes
Zeta-Probe Bio-Rad Laboratories, Hercules, CA). A v-fos
robe (Clontech, Palo Alto, CA) was labeled with
32P]dCTP (Amersham Corp., United Kingdom) using
he random-primed method (Boehringer Mannheim, Ger-
any). Unincorporated radiolabel was removed with
-300 Micro-Spin columns (Pharmacia, Uppsala, Swe-
en). The blots were exposed to Kodak X-OMAT film with
n intensifying screen at 280°C.
ells and viruses
Baby hamster kidney cells (BHK-21) were grown at
7°C in DMEM containing 10% FCS and gentamycin. For
hese studies, a strain of TMEV isolated in 1957 from a
eral mouse in Belem, Brazil, called BeAn 8386, was
sed. After plaque purification and several passages in
HK-21 cells, cell cultures were infected for 48 h at 33°C,
onicated, and centrifuged to remove cell debris, and
iral particles were purified. The virus titer (a mean of 108
FU/ml from different stocks) was determined by a stan-
ard plaque assay with 1% Noble agar (Difco Laborato-
ies, Detroit, MI), and staining was done with 1% crystal
iolet in ethanol (Rubio and Cuesta, 1988).
irus and viral protein purification
The purification of TMEV virion particles was per-
ormed by isopycnic centrifugation in cesium sulfate gra-
ients (Korant et al., 1972). Individual VP1, VP2, and VP3
irion proteins were purified by reverse-phase HPLC
ith an Aquapore RP-300 column (Browlee Laboratories,
anta Clara, CA) (Heukeshoven and Dernick, 1983). The
urity was checked by sodium dodecyl sulfate–poly-
crylamide gel electrophoresis (SDS–PAGE) (Laemmli,
970).
ntiserum production and anti-proto-oncogene
ntibodies
Antiserum was produced in New Zealand White rab-
its by subcutaneous and intramuscular injections at
ultiple sites. Four injections containing 300 mg of ce-
ium sulfate gradient purified BeAn 8386 virus emulsified
ith complete Freund’s adjuvant (Difco) were given at
-week intervals. The rabbits were bled 10 days after the
ast booster, and serum was frozen at 220°C until used.
he specificity of the antibody response was checked by lestern immunoblotting using purified TMEV virion pro-
eins separated by SDS–PAGE.
Sheep antibodies against a c-fos sequence common
o human and mouse prepared against a synthetic pep-
ide were obtained from Cambridge Research Biochemi-
als (Northwich, UK). Rabbit anti-sheep and goat anti-
abbit IgG FITC-conjugated antibodies were purchased
rom Sigma.
mmunoassay for virus binding
Monolayers of astrocytes in 35-mm petri dishes
Costar, Cambridge, MA) were infected with 100 ml of the
irus stock in DMEM containing 0.1% BSA (Sigma) as
reviously reported (Rodriguez et al., 1983). After two
ashes, virus-coated cells were fixed for 30 min at room
emperature in freshly prepared 3% formaldehyde in
hosphate-buffered saline (PBS). After cells were
ashed, incubations with diluted antiserum were done
t 37°C for 30 min, and after two more washes, the
inding of antibodies to receptor-bound viruses was de-
ected by incubation with radioiodinated staphylococcal
rotein A (100,000 cpm, 30 min, 37°C). After being
ashed, cells were detached from the plastic surface
ith 2% SDS and counted in a 1275 Minigamma LKB
amma counter (LKB Wallac, Finland). Results are the
ean values of three experiments. All washes were
one with DMEM plus 0.1% BSA.
Protein A (Sigma) and purified viral proteins were
abeled with 125I (Amersham) by either the chloramine T
Greenwood et al., 1963) or the lactoperoxidase method
Marchalonis, 1969). Unbound 125I was removed by chro-
atography of the labeling mixture through a Sephadex
D-10 prepacked disposable column (Pharmacia). The
pecific activity of the 125I-labeled protein A was 5000
pm/ng.
low cytometry
Control and TMEV-infected cultures (at a m.o.i. of 10)
ere fixed at different times by exposing the cells to 4%
ormaldehyde in PBS for 30 min at 4°C. After the cells
ere washed three times with PBS, their membranes
ere permeabilized with 0.1% Triton X-100 for 30 min at
oom temperature, washed, and incubated with the rab-
it anti-TMEV antiserum or the sheep anti-c-fos antibod-
es, diluted 1:100 in PBS containing 0.1% Triton, for an-
ther 30 min at 4°C. Cells were washed and incubated
or 1 h with the secondary FITC-conjugated goat anti-
abbit or rabbit anti-sheep antibodies diluted 1:100 and
xhaustively rinsed with PBS. Cells were then harvested
n trypsin–EDTA, washed twice with PBS–1% FCS con-
aining 0.02% sodium azide, and analyzed by one-color
low-cytometry with an EPICS-CS flow cytometer (Coulter
ientifica, Spain) equipped with a 488-nm argon laser.
ata from 10,000–50,000 cells were collected and ana-yzed. Residual dead cells were gated out using side-
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28 RUBIO AND MARTIN-CLEMENTEcatter channels and fluorescence intensity of individual
ells was measured as relative fluorescence units.
iral neutralization by antibodies
Samples of TMEV at different concentrations in culture
edium were incubated with increasing dilutions of a
abbit anti-TMEV antiserum for 30 min at 37°C and there-
fter used for infection of astrocyte cultures.
nimal inoculations
Six- to eight-week-old SJL mice were anesthetized
ith methoxyflurane and inoculated in the right cerebral
emisphere with 3 3 106 PFU of BeAn 8386 virus in 30 ml
f DMEM. Control injection mice received 30 ml of
MEM. At suitable periods of time after injection, mice
ere killed by cervical dislocation, their brains were
emoved, and a 0.5-cm cube surrounding the injection
rea was cut and immediately frozen. Samples were
rocessed by immunochemistry or Northern blot analy-
is, as previously stated.
mmunocytochemical methods
Animals were in all cases perfused transcardially with
% paraformaldehyde in PBS. After perfusion, the brains
ere removed, immersed in the same fixative for 3 h, and
eft overnight in PBS. Vibratome sections of 30–40 mm
ere processed free-floating for immunohistochemistry.
e used the sheep polyclonal antibody previously de-
cribed to detect c-fos protein (diluted 1:200). The immu-
ocytochemical reaction was visualized using the ABC
ethod. Bound peroxidase was revealed with 0.05% dia-
inobenzidine tetrahydrochloride and 0.01% H2O2 in
BS. Sections were dehydrated, mounted on chrome
lum-gelatinized slides, air-dried, and coverslipped.
For double-immunostaining, the sections were incu-
ated in the first primary antibody (sheep anti-c-fos,
:200) followed by biotinylated rabbit anti-sheep IgG (1:
00) and Cy2-conjugated streptavidin (Amersham) di-
uted 1:1500. After several rinses in PBS, incubations in
he second primary antibody, a monoclonal anti-glial
ibrillary acidic protein (GFAP, Sigma) diluted 1:500 fol-
owed by Cy5-conjugated goat anti-mouse IgG (Amer-
ham) diluted 1:1500, were performed. The sections
ere examined in a Leica TCS NT confocal laser scan-
ing microscope equipped with an argon/krypton-mixed
as laser with excitation peaks at 510 nm (for Cy-2) and
47 nm (for Cy-5). Confocal image series were recorded
hrough separate channels for the fluorescence of Cy-2
nd Cy-5. Method specificity was controlled by omission
f the first or second primary antibodies.
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